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►  We  fabricated  novel  uniaxially 
aligned  ultrafine  copolyimide 
nanofibers. 

►  We  prepared  novel  composite 
membranes  containing  the 
nanofibers. 

►  The  parallel  proton  conductivity 
increased  with  the  decreasing 
nanofiber. 

►  The  parallel  conductivity  was  higher 
than  the  perpendicular  conductivity. 
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The  nanofiber  electrospun  from  the  five-membered  ring  sulfonated  polyimide  containing  the  fluorinated 
group  showed  an  ultrafine  and  uniform  non-beaded  structure  and  the  optimized  electrospinning 
conditions  produced  the  sulfonated  polyimide  nanofibers  with  several  appropriate  diameters  ranging 
from  80  to  160  nm.  Novel  sulfonated  copolyimide  membranes  containing  uniaxially  aligned  ultrafine 
sulfonated  copolyimide  nanofibers  were  prepared  for  proton  exchange  membrane  fuel  cell  applications. 
The  proton  conductivity  of  the  composite  membrane  in  the  parallel  direction  to  the  nanofibers  alignment 
increased  with  the  decreasing  nanofiber  diameter  and  the  increasing  amount  of  nanofibers  in  the 
composite  membrane  and  reached  0.3  S  cm-1  at  90  °C  and  98%  RH.  In  addition,  the  parallel  proton 
conductivity  indicated  significantly  higher  values  when  compared  to  that  determined  for  the  composite 
membrane  in  the  perpendicular  direction  or  for  the  membrane  without  nanofibers  prepared  by 
a  conventional  solution-casting  method.  The  composite  membranes  also  showed  higher  chemical 
stabilities  than  those  of  the  membrane  without  nanofibers.  Consequently,  nanofibers  proved  to  be 
promising  proton  exchange  materials  and  the  composite  membranes  containing  nanofibers  may  have 
potential  application  for  use  in  fuel  cells. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton  exchange  membrane  fuel  cells,  which  efficiently  convert 
chemical  energy  into  electrical  energy  via  oxidation  and  reduction 
reactions,  are  receiving  considerable  attention  as  an  alternative 
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energy  source  because  of  their  high  energy  efficiency  and  no 
emissions  of  pollutants  [1].  One  of  the  most  important  technical 
focuses  on  developing  proton  exchange  membranes  that  are  able  to 
achieve  a  high  proton  conductivity,  low  gas  permeability  of  the  fuel 
and  oxidant,  and  sufficient  chemical  stabilities  [2,3].  At  present,  the 
perfluorosulfonated  aliphatic  polymer  membranes,  such  as 
Nation®,  have  been  widely  used  because  of  their  excellent  chemical 
stability  as  well  as  high-proton  conductivity  [4,5].  However,  they 
have  several  drawbacks  including  high  cost,  low  thermal  stability, 
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and  high  gas  permeability.  Recently,  much  effort  has  been  directed 
to  the  development  of  novel  polymer  electrolyte  membranes  based 
on  sulfonated  aromatic  hydrocarbon  polymers,  which  have  been 
widely  synthesized  as  alternate  candidates  due  to  their  excellent 
chemical  and  thermal  stabilities  and  good  mechanical  strength 
[6-14].  Although  the  proton  conductivity  of  the  membranes  is 
well-known  to  increase  with  the  increasing  concentration  of 
sulfonic  acid  groups,  the  high  concentration  of  sulfonic  acid  groups 
results  in  an  unfavorable  swelling  of  the  membranes  and  a  dramatic 
loss  in  their  mechanical  properties  [15,16].  Therefore,  one  of  the 
important  objectives  for  designing  the  polymer  electrolyte 
membranes  is  the  development  of  new  polymer  membranes 
combining  a  high  proton  conductivity  and  good  membrane 
stabilities. 

Electrospinning  provides  a  simple  and  versatile  method  for  the 
generation  of  ultrathin  fibers  from  a  rich  variety  of  materials  that 
include  polymers,  ceramics,  and  their  composites  [17—23]. 
Recently,  electrospun  fibers  have  attracted  significant  attention  due 
to  their  potential  applications  in  conductive  fibers,  filtration 
membranes,  water  purification,  and  tissue  engineering  scaffolds.  In 
addition,  electrospinning  is  capable  of  producing  fibers  with 
diameters  in  the  nanometer  range.  Many  synthetic  and  natural 
polymers  have  been  electrospun  to  form  nanofibers  with  a  small 
diameter.  The  electrospun  fibrous  mats  offer  a  great  advantage  in 
terms  of  the  recovery  and  easy  handling  of  the  materials.  However, 
there  are  only  a  few  reports  in  the  literature  on  the  proton 
conductivity  of  electrospun  nanofibrous  mats,  in  addition,  the 
fibrous  structure  was  an  isotropic  non  woven  mat  [24-27].  We 
have  prepared  polymer  electrolyte  membranes  composed  of 
aligned  nanofibers  with  ca.  200  nm  diameters  for  the  first  time,  and 
revealed  that  the  composite  membranes  showed  a  higher  proton 
conductivity  and  lower  gas  permeability  than  the  membrane 
without  nanofibers  [28].  In  addition,  we  calculated  the  apparent 
proton  conductivity  of  a  single  nanofiber  using  a  simulation 
equation,  and  the  apparent  proton  conductivity  significantly 
increased  when  compared  to  the  composite  membrane  containing 
the  nanofibers  and  was  approximately  twenty  times  higher  than 
that  of  the  composite  membrane.  The  sulfonated  six-membered 
ring  (naphthalenic)  polyimide  synthesized  in  a  previous  study 
has  been  proposed  to  be  a  promising  material  for  use  as  a  proton 
exchange  membrane,  because  the  polyimide  exhibited  excellent 
chemical  and  thermal  stabilities  [29,30].  However,  it  is  very  difficult 
to  prepare  the  ultrafine  and  uniform  non-beaded  nanofibers  using 
the  electrospinning  method  from  the  six-membered  ring  polyimide 
solution,  because  the  solubility  of  the  polyimide  for  organic 
solvents  is  not  enough.  That  is,  the  preparation  of  the  polyimide 
nanofibers  electrospun  from  the  six-membered  ring  polyimides 
has  a  limitation. 

On  the  other  hand,  the  five-membered  ring  polyimides  exhibit 
low  chemical  and  thermal  stabilities  compared  to  those  of  the  six- 
membered  ring  polyimides,  however,  the  former  polyimides 
generally  have  a  better  solubility  in  organic  solvents  compared  to 
the  latter  polyimides.  In  particular,  the  five-membered  ring  poly¬ 
imides  containing  the  fluorinated  group  indicate  an  excellent 
solubility.  We  have  already  demonstrated  that  the  nanofiber  elec¬ 
trospun  from  the  five-membered  ring  polyimides  containing  the 
fluorinated  group  can  easily  form  an  ultrathin  and  uniform  non- 
beaded  structure  [22,23].  We  now  describe  the  preparation  of 
novel  composite  membranes  composed  of  uniaxially  aligned 
ultrathin  nanofibers  electrospun  from  a  novel  fluorinated  five- 
membered  ring  copolyimide  bearing  sulfonic  acid  groups.  In 
particular,  we  focused  on  the  effects  of  the  nanofiber  diameters  on 
the  proton  conductivity  of  the  composite  membrane.  The  proton 
conductivities  and  other  properties  of  the  composite  membranes 
were  discussed  for  future  applications  in  a  fuel  cell. 


2.  Experimental 

2.1.  Materials 

2,2'-Bis(3,4-dicarboxyphenyl)hexafluoropropane  dianhydride 
(6FDA)  was  purchased  from  the  Central  Glass  Co.  (Saitama,  Japan) 
and  was  purified  by  sublimation  before  use.  4,4'-Diaminobiphenyl- 
2,2'-disulfonic  acid  (BDSA)was  purchased  from  the  TokyoKasei  Co. 
(Tokyo,  Japan)  and  was  purified  by  dissolution  in  a  triethylamine 
aqueous  solution  and  then  precipitated  ini  N  H2SO4.  Finally,  the 
BDSA  was  dried  in  a  vacuum  oven  at  70  °C  for  12  h.  2,2-Bis[4-(4- 
aminophenoxy)phenyl]-hexafluoropropane  (APPF)  was  purchased 
from  Wako  Chemical  Ind.  (Osaka,  Japan)  and  was  recrystallized 
twice  from  an  ethanol  solution  prior  to  use.  Nation®  117  was  used  in 
this  study  as  the  control  membrane.  The  membranes  were  obtained 
from  the  DuPont  Co.  (Tokyo,  Japan).  All  other  reagents  were 
purchased  from  Kanto  Chemical  (Tokyo,  Japan)  and  were  used  as 
received. 

2.2.  Syntheses  of  sulfonated  polyimides 

The  sulfonated  copolyimide,  6FDA-BDSA-r-APPF  (Fig.  1),  was 
synthesized  as  follows:  In  a  three-neck  round  bottom  flask,  APPF 
(1.56  g,  3.00  mmol)  and  BDSA  (2.41  g,  7.00  mmol)  were  dissolved  in 
m-cresol  (30  ml)  in  the  presence  of  triethylamine  (TEA,  6.0  ml)  at 
80  °C  for  4  h,  and  6FDA  (4.44  g,  10.0  mmol)  was  then  added  to  the 
solution.  After  stirring  the  solution  at  120  °C  for  24  h,  benzoic  acid 
(1.37  g,  11.2  mmol)  and  triethylamine  (TEA,  3.0  ml)  were  added, 
then  stirred  180  °C  for  24  h.  The  molar  ratio  of  BDSA  to  APPF  was  set 
at  7:3.  The  6FDA-BDSA-r-APPF  (TEA  form)  was  precipitated  into 
ethyl  acetate,  washed  several  times  with  fresh  ethyl  acetate,  and 
dried  under  vacuum  at  150  °C  for  12  h.  The  molecular  weights  (Mw 
and  Mn)  of  the  sulfonated  copolyimide  were  determined  by  gel- 
permeation  chromatography  (detector:  Jasco  830-RI  monitor) 
using  two  Shodex  SB-806  HQ  and  SB-804  HQ  columns.  Dime- 
thylformamide  containing  0.01  M  lithium  bromide  was  used  as  the 
eluent  at  a  flow  rate  of  1.0  ml  min-1.  The  molecular  weights  were 
estimated  by  comparing  the  retention  times  on  the  columns  to 
those  of  standard  polystyrene. 
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2.3.  Preparation  of  composite  membranes  containing  aligned 
electrospun  sulfonated  copolyimide  nanofibers 

The  experimental  set-up  used  for  the  preparation  of  the  aligned 
sulfonated  copolyimide  nanofibers  is  shown  in  Fig.  1  [22].  The 
nanofibers  were  fabricated  using  an  electrospinning  apparatus 
(Fuence,  Co.,  Ltd.,  ES-1000,  Tokyo,  Japan).  A  collector  was  simply 
fabricated  using  two  conductive  aluminum  foils  and  a  glass  plate 
insulator.  The  collector  could  be  removed  from  the  apparatus.  The 
sizes  of  the  aluminum  foil  and  the  glass  plate  were  1x7  cm2  and 
10  x  7  cm2,  respectively.  The  width  of  the  gap  between  the  two 
aluminum  plates  was  3  cm.  6FDA-BDSA-r-APPF  (Tea  form)  was 
dissolved  in  DMF  at  a  concentration  of  12  wt%,  15  wt%,  or  18  wt%. 
The  viscosity  of  the  polyimide  solution  was  measured  with 
a  viscometer  (Told  Sangyo  Co.,  Ltd.,  RE-85,  Tokyo,  Japan).  The 
viscosity  at  a  12  wt%  polyimide  solution  was  1160  mPa  s,  and  the 
viscosity  increased  with  the  increasing  concentration.  The  elec¬ 
trospinning  parameters  were  as  follows:  the  polymer  solution  was 
loaded  into  a  1-ml  syringe  as  the  spinneret.  A  syringe  pump  was 
used  to  squeeze  out  the  polymer  solution  at  a  constant  speed 
through  a  needle  with  an  inner  diameter  of  0.21  mm.  V\  is  the 
applied  voltage  between  the  syringe  and  the  collector,  and  V2  is  the 
applied  voltage  between  the  two  aluminum  plates  as  the  elec¬ 
trodes.  Uniaxially  aligned  nanofibers  were  deposited  on  the  filter 
paper  as  the  support  medium  of  the  nanofibers,  located  on  the 
collector  by  the  electrospinning  method.  The  thickness  and  amount 
of  the  uniaxially  aligned  nanofibrous  membrane  were  controlled  by 
the  electrospinning  deposition  time.  To  remove  the  residual  solvent 
from  the  fabricated  nanofibers,  vacuum  drying  was  carried  out  at 
150  °C  for  10  h.  The  6FDA-BDSA-r-APPF  nanofibers  were  then 
acidified  with  a  0.1  M  HC1  solution  for  24  h  to  obtain  the  6FDA- 
BDSA-r-APPF  nanofibers  (proton  form),  and  were  dried  under 
vacuum  at  80  °C  for  12  h.  The  nanofibers  were  observed  using 
a  scanning  electron  microscope  (SEM,  JXP-6100P,  JEOL,  Tokyo, 
Japan).  To  determine  the  diameter,  the  electrospun  nanofibers 
(2x2  cm2)  were  fixed  on  a  flat  sample  folder,  then  coated  with  gold 
for  120  s  at  a  current  of  10  mA  under  a  vacuum  of  10  Pa.  At  least  five 
pictures  and  25  nanofibers  were  used  to  determine  each  diameter. 

In  a  vessel,  the  appropriate  amount  of  the  same  sulfonated 
polyimide,  6FDA-BDSA-r-APPF  (TEA  form),  was  dissolved  in  DMSO. 
The  solution  was  poured  on  the  aligned  6FDA-BDSA-r-APPF  (proton 
form)  nanofibers  in  a  petri  dish,  and  the  mixture  solution  was  dried 
in  a  vacuum  oven  at  110  °C  for  12  h.  After  drying,  the  composite 
membrane  containing  the  aligned  6FDA-BDSA-r-APPF  nanofibers 
was  acidified  with  a  0.1  M  HC1  solution  for  24  h,  then  finally  washed 
with  deionized  water.  The  resulting  membrane  was  dried  in 
a  vacuum  oven  at  80  °C  for  24  h.  The  thickness  of  the  membrane 
was  approximately  30  pm. 

2.4.  Characterization  of  the  composite  membranes 

The  ion  exchange  capacity  (IEC)  of  the  composite  membrane  was 
measured  by  classical  titration  using  NaCl  and  NaOH  solutions  [8,11  ]. 
The  water  uptake  of  the  composite  membrane  containing  the 
nanofibers  was  gravimetrically  measured  from  the  dried  and 
humidified  membranes  [8,11].  The  membranes  were  dried  in 
a  vacuum  oven  at  80  °C  for  10  h  and  then  immersed  in  liquid  water  at 
room  temperature.  After  24  h,  the  membrane  was  then  wiped  dry 
and  quickly  weighed.  The  water  uptake  was  calculated  using  Eq.  (1 ) 

Wc  -  Wa 

W(%)  =  s,„  d  X  100  (1) 

wd 

where  Ws  and  Wd  are  the  weights  of  the  wet  and  dry  membranes, 
respectively. 


Low-temperature  DSC  experiments  were  performed  using 
a  Shimadzu  DSC-60  (Tokyo,  Japan).  Fully-hydrated  membrane 
samples  were  carefully  blotted  to  remove  any  surface  water  and 
then  immediately  transferred  to  sealed  aluminum  pans.  The 
samples  were  quickly  placed  in  the  calorimeter  and  cooled 
to  -50  °C.  The  samples  were  then  heated  to  20  °C  at  the  rate  of 
5  °C  min-1.  The  thermal  behavior  of  the  composite  membrane  was 
evaluated  by  a  thermogravimetric  analysis  (TGA:  Seiko  TG/DTA60/ 
60FI,  Tokyo,  Japan)  from  room  temperature  to  600  °C  at  the  heating 
rate  of  10  °C  min-1  in  a  nitrogen  atmosphere. 

The  stability  of  the  composite  membranes  containing  the 
nanofibers  to  oxidation  was  investigated  by  immersing  the 
membranes  (1  cm  x  1  cm)  in  Fenton’s  reagent  (2  ppm  FeSCH  in  3% 
FI2O2)  at  80  °C.  The  hydrolytic  stability  of  the  membranes 
(1  cm  x  1  cm)  was  performed  by  immersing  them  in  deionized 
water  at  80  °C.  The  stabilities  were  characterized  by  the  time  it  took 
the  membrane  to  completely  dissolve. 

The  proton  conductivity  was  measured  by  electrochemical 
impedance  spectroscopy  over  the  frequency  range  from  50  FIz  to 
500  kHz  (Hioki  3532-50,  Tokyo,  Japan)  as  reported  in  previous 
papers  [8,11].  The  membranes  (1.0  x  3.0  cm2)  and  two  blackened 
platinum  plate  electrodes  were  placed  in  a  Teflon  cell  to  measure 
the  proton  conductivities  in  the  parallel  and  perpendicular  direc¬ 
tions  to  the  aligned  nanofiber  direction.  The  distance  between  the 
two  electrodes  was  1.0  cm.  The  cell  was  placed  in  a  thermo- 
controlled  humidity  chamber  to  measure  the  temperature  and 
relative  humidity  dependence  of  the  proton  conductivity. 

3.  Results  and  discussion 

3.1.  Preparation  of  the  uniaxially  aligned  ultrafine  sulfonated 
copolyimide  nanofibers 

Scheme  1  shows  the  synthetic  procedure  for  the  sulfonated 
copolyimide  (6FDA-BDSA-r-APPF),  which  was  obtained  by  thermal 
imidation  of  the  precursor  poly(amic  acid)  in  the  presence  of 
benzoic  acid  and  triethylamine.  The  ^-NMR  spectrum  of  the 
obtained  sulfonated  copolyimides  indicated  the  successful 
synthesis  of  the  objective  copolyimide  in  the  TEA  form.  The 
obtained  6FDA-BDSA-r-APPF  was  soluble  in  DMF,  DMAc,  DMSO, 
and  N-methylpyrrolidone  (NMP),  and  showed  a  high  molecular 
weight  with  a  narrow  polydispersity  (Mw  =  3.4  x  105,  Mw/ 
Mn  =  1.8). 

The  electrospinning  process  is  a  method  of  discharging  a  poly¬ 
mer  solution  in  air  from  a  nozzle  under  high  voltage  and  producing 
a  nanofiber  by  exploiting  the  electrostatic  repulsion  of  the  polymer 
solution  (Fig.  1 ).  It  has  been  reported  that  the  shape  of  the  initiating 
droplet  through  the  spinneret  can  be  changed  by  the  electro¬ 
spinning  conditions,  such  as  the  applied  voltage,  viscosity  and 
feeding  rate  of  the  polymer  solution,  the  distance  between  the 
spinneret  and  the  grounded  plate  collector,  and  the  relative 
humidity  (RH)  of  the  apparatus.  In  particular,  significant  morpho¬ 
logical  changes  were  found  when  the  concentration  or  viscosity  of 
the  polymer  solution  was  changed,  which  means  that  the  concen¬ 
tration  or  viscosity  of  the  polymer  solution  is  one  of  the  most 
effective  variables  to  control  the  nanofiber  morphology.  We  found 
that  it  is  impossible  to  fabricate  a  continuous  nanofiber  at 
a  concentration  of  6FDA-BDSA-r-APPF  dissolved  in  DMF  below 
12  wt%.  It  was  found  that  the  nanofibers  electrospun  at  concen¬ 
trations  below  12  wt%  were  composed  of  a  mixture  of  fibers  and 
beads.  The  electrospinning  conditions  except  for  the  polymer 
concentrations  were  optimized  and  fixed  as  follows:  The  applied  V\ 
and  V2  voltages  were  20  and  1  kV,  respectively.  The  feeding  rate  of 
the  polymer  solution  was  0.096  ml  h-1.  The  distance  between  the 
spinneret  and  the  grounded  plate  was  10  cm.  Fig.  2  shows  SEM 
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Scheme  1.  Synthesis  of  the  sulfonated  copolyimide  (6FDA-BDSA-r-APPF). 


images  of  the  aligned  electrospun  6FDA-BDSA-r-APPF  nanofibers 
with  the  polymer  concentrations  of  12,  15,  and  18  wt%.  These 
images  clearly  demonstrated  that  the  nanofibers  were  uniaxially 
aligned  and  were  individually  deposited  across  the  gap  between 
the  aluminum  plates  without  any  aggregation.  It  is  considered  that 
the  electrostatic  forces  formed  between  the  charged  nanofiber  and 
the  aluminum  plate  determined  the  alignment  direction  of  the 
nanofibers.  In  addition,  the  nanofibers  had  a  uniform  fiber- 
diameter  for  each  polymer  concentration,  and  the  mean  diame¬ 
ters  of  the  nanofibers  at  12, 15,  and  18  wt%  polymer  concentrations 
were  77  ±  11, 102  ±  19,  and  157  ±  11  nm  (n  =  25),  respectively.  We 
succeeded  in  preparing  g  uniaxially  aligned  non-beaded  nanofibers 
as  compared  to  those  fabricated  from  the  six-membered  ring  pol- 
yimides  reported  in  our  previous  reports  [27]  by  using  6FDA-BDSA- 
r-APPF,  which  possesses  more  flexible  structure  and  a  good  solu¬ 
bility  for  organic  solvents.  In  addition,  we  also  succeeded  in 
preparing  an  ultrafine  and  uniform  nanofiber  with  a  diameter  of 
less  than  100  nm  by  using  the  6FDA-BDSA-r-APPF,  although  the 


nanofibers  fabricated  from  the  six-membered  ring  polyimides 
indicated  a  diameter  of  more  than  200  nm  [27]. 

3.2.  Preparation  and  characterizations  of  the  composite  membranes 
containing  aligned  nanofibers 

The  composite  membranes  were  prepared  by  pouring  the  DMSO 
solutions  of  6FDA-BDSA-r-APPF  (TEA  form)  onto  the  aligned  6FDA- 
BDSA-r-APPF  (proton-form)  nanofibers  in  a  petri  dish.  The  contents 
of  the  nanofibers  in  the  composite  membranes  were  controlled  at 
10,  20,  or  30  wt%.  The  ion  exchange  capacities  (IECs)  of  the 
composite  membranes  containing  the  10  wt%  nanofibers  with 
various  diameters  were  measured  by  a  titration  method  (Table  1 ). 
All  of  the  composite  membranes  had  similar  IECs  regardless  of  their 
fiber  diameters. 

The  water  uptakes  of  the  composite  membranes  are  summa¬ 
rized  in  Table  1.  The  number  of  water  molecules  per  sulfonic  groups 
(A)  was  calculated  from  the  water  uptake  results  using  Eq.  (2). 


77  ±  llnm  102  ±19  nm  157  ±11  nm 


Mean  fiber 
diameter 


Fig.  2.  SEM  images  of  the  aligned  electrospun  nanofibers. 
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Table  1 

Ion  exchange  capacity  (IEC),  water  uptake,  A,  Af,  and  Ab  of  the  membranes  with  and 
without  nanofibers. 


Membrane 

IECa 

(meq  g"1) 

Water 
uptake  (%) 

Ab 

Afc 

4d 

Membrane  without  nanofibers 

1.65 

32 

11 

2 

9 

Composite  membrane6  (Fiber 
diameter:  77  nm) 

1.63 

38 

13 

1 

12 

Composite  membrane6  (Fiber 
diameter:  102  nm) 

1.63 

42 

14 

2 

12 

Composite  membrane6  (Fiber 
diameter:  157  nm) 

1.65 

42 

14 

3 

11 

a  Calculated  by  titration. 

b  Number  of  water  molecules  per  sulfonic  groups. 
c  Number  of  free  water  molecules  per  sulfonic  group. 
d  Number  of  bound  waters  per  sulfonic  group. 
e  Containing  10  wt%  aligned  nanofibers. 

_  n(H20)  _  WS 
n(S03-)  18IEC 

where  n(H20)  is  the  H20  molar  number,  n(S03_)  is  the  S03  group’s 
mole  number,  WS  is  the  water  uptake  value  by  weight,  IEC  is  the  ion 
exchange  capacity  based  on  titration  measurements,  and  18 
corresponds  to  water’s  molecular  weight.  It  is  noteworthy  that  the 
composite  membranes  had  slightly  higher  water  uptakes  and  A 
values  than  the  membrane  without  nanofibers.  In  order  to  under¬ 
stand  the  hydrated  states  of  the  membranes,  endothermic  peaks 
corresponding  to  the  melting  water  were  measured  by  DSC  to  give 
the  number  of  free  water  molecules  per  sulfonic  group  (Af)  [28].  The 
number  of  bound  waters  per  sulfonic  group  (Ab)  was  calculated 
from  Eq  (3). 


A  —  Af  +  Ab  (3) 

where  A  is  the  total  hydration  number  calculated  from  Eq  (2).  The 
number  of  total  water  molecules  per  sulfonic  group  was  almost 
constant  (A  ~  14)  in  all  the  composite  membranes.  On  the  other 
hand,  the  fraction  of  the  bound  water  slightly  increased  by 
decreasing  the  fiber  diameter.  This  may  suggest  that  the  interaction 
among  the  polymer  chains  becomes  stronger  in  the  thinner 
nanofibers  to  bind  more  water  molecules  within  the  nanofibers. 

The  thermal  stabilities  of  the  composite  membranes  were 
investigated  by  thermogravimetric  analysis  (TGA)  measurements. 
Fig.  3  shows  the  TGA  curves  of  the  composite  membranes  containing 
the  aligned  nanofibers  with  different  fiber  diameters.  The  curves  of 
the  composite  membranes  were  similar  to  that  measured  in  the 
sulfonated  copolyimide  membrane  without  nanofibers.  The  loss 
above  280  °C  was  due  to  the  desulfonation  from  6FDA-BDSA-r-APPF. 
The  weight  loss  above  550  °C  was  ascribed  to  the  decomposition  of 
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Fig.  3.  Thermogravimetric  analysis  curves  of  the  composite  membranes  and  the 
membrane  without  nanofibers. 


the  polymer  main  chain.  All  of  the  membranes  had  a  sufficient 
thermal  stability  to  be  used  for  fuel  cell  applications. 


3.3.  Proton  conductivity  of  the  composite  membranes 

The  proton  conductivities  of  the  composite  membranes  were 
measured  using  electrochemical  impedance  spectroscopy  in  the 
parallel  and  perpendicular  directions  to  the  aligned  nanofiber 
direction.  07/  and  a±  denote  the  proton  conductivities  in  the  parallel 
and  perpendicular  directions  to  the  aligned  nanofiber  direction, 
respectively.  Table  2  shows  the  effect  of  the  nanofiber  diameter  on 
the  proton  conductivity  of  the  composite  membranes.  The  proton 
conductivity  of  the  6FDA-BDSA-r-APPF  membrane  without  nano¬ 
fibers  was  ca.  0.08  S  cm-1  at  90  °C  and  98%  RH  regardless  of  the 
measuring  directions,  indicating  that  the  membrane  had  a  homo¬ 
geneous  and  isotropic  morphology.  On  the  other  hand,  the 
composite  membranes  showed  different  proton  conductivities  in 
the  parallel  and  perpendicular  directions,  and  the  parallel  proton 
conductivities  were  higher  than  the  perpendicular  ones  for  all  the 
composite  membranes.  Since  the  parallel  proton  conductivities 
were  higher  than  those  of  the  6FDA-BDSA-r-APPF  membrane 
without  nanofibers,  such  high  conductivities  of  the  composite 
membranes  in  parallel  direction  could  originate  from  the  aligned 
nanofibers.  In  addition,  the  composite  membranes  containing 
thinner  nanofibers  had  higher  parallel  proton  conductivities,  and 
the  values  reached  0.212  S  cm-1  at  90  °C  and  98%  RH  in  the 
composite  membrane  containing  nanofibers  with  77-nm  diame¬ 
ters.  The  increase  in  the  parallel  proton  conductivities  with  the 
decreasing  fiber  diameters  was  apparent  from  Fig.  4  and  the 
parallel  proton  conductivities  depended  on  the  diameter.  In  most  of 
the  polymer  electrolyte  membranes,  the  proton  conductivities  of 
the  membranes  are  strongly  related  to  the  number  of  sulfonic  acid 
groups  or  the  water  content  of  the  membrane,  thus  the  polymer 
electrolyte  membranes  absorbing  a  large  amount  of  water  typically 
have  a  high  proton  conductivity.  Therefore,  there  is  generally  a  good 
correlation  between  the  proton  conductivity  and  IEC  or  water 
uptake.  However,  as  shown  in  Table  2,  these  values  for  the 
composite  membranes  and  the  membrane  without  nanofibers  are 
almost  constant,  therefore,  we  postulate  that  ionic  channels  were 
formed  in  the  nanofibers  and  that  the  protons  were  rapidly  and 
efficiently  transported  in  the  nanofibers,  especially,  in  the  thinner 
nanofibers.  On  the  other  hand,  the  perpendicular  proton 


Table  2 

Ion  exchange  capacity  (IEC),  parallel  and  perpendicular  proton  conductivities,  and 
oxidative  and  hydrolysis  stabilities  of  the  membranes  with  and  without  nanofibers. 


Membrane 

IEC 

(meq  g"1 

Proton  conductivity 

)  _  a  b 

ff  II  a± 

(Scm-1)  (Scm-1) 

Oxidative 

stability6 

(h) 

Hydrolysis 

stability61 

(h) 

Membrane  without 
nanofibers 

1.65 

0.0836 

0.0823 

9 

420 

Composite  membrane 
(Fiber  diameter: 

77  nm) 

1.63 

0.212 

0.0805 

12 

750 

Composite  membrane 
(Fiber  diameter: 

102  nm) 

1.63 

0.154 

0.0808 

13 

750 

Composite  membrane 
(Fiber  diameter: 

157  nm) 

1.65 

0.122 

0.0837 

13 

750 

a  Proton  conductivity  in  parallel  direction  to  fiber  direction  at  90  °C  and  98%  RH. 
b  Proton  conductivity  in  perpendicular  direction  to  fiber  direction  at  90  °C  and 
98%  RH. 

c  The  hydrolysis  stability  was  measured  by  the  time  that  the  membranes  dis¬ 
solved  in  water  at  80  °C. 

d  The  oxidative  stability  was  measured  by  the  time  that  the  membranes 
completely  dissolved  in  Fenton  reagent  at  80  °C. 
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(a) 


Fig.  4.  Proton  conductivities  of  the  composite  membrane  containing  10  wt%  nano¬ 
fibers  with  various  fiber  diameters. 

conductivities  of  the  composite  membranes  were  constant  and  did 
not  depend  on  the  diameter.  In  a  previous  study,  the  degree  of 
orientation  of  the  electrospun  six-membered  ring  polyimide 
nanofibers  was  low,  and  the  perpendicular  proton  conductivity  in 
the  composite  membrane  containing  the  nanofibers  was  signifi¬ 
cantly  higher  than  that  measured  in  the  membrane  without  the 
nanofibers  [28].  Based  on  the  comparison  between  the  two  nano¬ 
fibers,  we  concluded  in  this  study  that  the  high  degree  of  orienta¬ 
tion  of  the  aligned  nanofiber  electrospun  in  the  parallel  direction 
induced  the  increase  in  only  the  parallel  proton  conductivity. 

Fig.  5(a)  shows  the  temperature  dependence  of  the  parallel 
proton  conductivities  of  the  composite  membranes  containing  the 
nanofibers  with  77-nm  diameters  at  98%  relative  humidity.  In  order 
to  further  investigate  the  effects  of  the  aligned  nanofibers  on  the 
proton  conductivity,  the  composite  membranes  containing 
different  nanofiber  contents,  20  and  30  wt%,  were  also  prepared 
and  studied.  It  was  found  that  the  composite  membranes  showed 
higher  proton  conductivities  when  compared  to  the  membrane 
without  nanofibers  at  all  temperatures.  However,  the  proton 
conductivities  of  the  composite  membranes  containing  the  higher 
nanofiber  contents  were  slightly  higher  than  that  of  the  composite 
membrane  with  10  wt%  nanofibers. 

The  relative  humidity  dependence  of  the  proton  conductivity  for 
the  membranes  at  90  °C  is  depicted  in  Fig.  5(b).  The  composite 


3  Temperature  /  °C  b 


1000  T'1  /  K'1  Relative  humidity  /  % 

Fig.  5.  (a)  Temperature  dependence  (98%  RH)  and  (b)  relative  humidity  dependence 
(80  °C)  on  proton  conductivity  of  the  composite  membranes,  the  membrane  without 
nanofibers,  and  Nation. 


membranes  showed  high  proton  conductivities  comparable  to  that 
of  Nation  at  a  high  humidity  and  high  temperature.  At  a  lower 
humidity,  however,  the  proton  conductivity  decreased  to  around 
10”3  S  cm-1.  This  is  the  behavior  often  observed  for  the  sulfonated 
aromatic  hydrocarbon  polymers.  However,  the  composite 
membranes  indicated  higher  values  than  the  membrane  without 
nanofibers  at  all  humidities.  Among  the  composite  membranes,  the 
proton  conductivities  of  the  composite  membranes  increased  with 
the  increasing  nanofiber  contents  (maximum  0.302  S  cm”1  at  90  °C 
and  98%  RH),  and  this  tendency  became  pronounced  at  the  lower 
relative  humidities.  At  30%  RH,  the  conductivity  of  the  composite 
membrane  containing  30  wt%  nanofibers  with  77-nm  diameters 
was  one  order  higher  than  that  of  the  membrane  without  nano¬ 
fibers.  This  may  be  because  the  composite  membrane  has  a  high 
amount  of  bound  water  as  shown  in  Table  1. 

3.4.  Membrane  stabilities  of  the  composite  membranes 

Generally,  most  of  the  membranes  contain  a  high  number  of 
sulfonic  acid  groups  to  enhance  the  proton  conductivity,  but  resulting 
in  an  unfavorable  swelling  of  the  membranes  and  a  dramatic  loss  in 
their  mechanical  properties.  Therefore,  membrane  stability  plays 
a  very  important  role  in  the  properties  of  the  proton  exchange 
membranes.  In  this  study,  the  oxidative  and  hydrolytic  stabilities  of 
the  composite  membranes  were  evaluated  in  Fenton’s  reagent  and 
water  at  80  °C,  as  shown  in  Table  2.  The  6FDA-BDSA-r-APPF 
membrane  without  nano  fibers  had  a  relatively  good  resistance  to  the 
oxidation  and  hydrolytic  degradations  when  compared  to  other 
sulfonated  polyimide  membranes  [5-8].  For  comparison  between 
the  composite  membranes  and  the  6FDA-BDSA-r-APPF  membrane 
without  nanofibers,  all  of  the  composite  membranes  indicated  longer 
times  to  be  fully  dissolved  in  Fenton’s  reagent  or  hot  water.  These 
findings  suggest  that  the  composite  membranes  containing  the 
aligned  nanofibers  have  a  better  stability  toward  the  oxidation  and 
hydrolytic  degradations,  although  the  chemical  structures  and  the 
IEC  values  of  the  membranes  were  almost  equal.  We  considered  that 
the  oriented  and  ordered  molecular  architecture  in  the  nanofibers 
might  have  an  influence  on  the  membrane  stabilities. 

It  was  found  that  the  proton  conductivities  and  membrane 
stabilities  of  the  composite  membranes  were  superior  to  that  in 
a  membrane  with  no  nanofibers.  The  composite  membranes, 
however,  were  still  not  sufficient  for  use  as  practical  materials  in 
fuel  cell  electrolytes  due  to  their  insufficient  stability  and  relatively 
low  proton  conductivity  especially  at  low  relative  humidities. 
Therefore,  future  research  will  evaluate  the  above  factors  by 
determining  the  proton  conductivities  and  stabilities  of  the  nano¬ 
fibers  themselves. 

4.  Conclusions 

The  five-membered  ring  sulfonated  copolyimide,  6FDA-BDSA-r- 
APPF,  possessing  a  flexible  polymer  structure  and  good  solubility 
for  organic  solvents  produced  uniform  non-beaded  sulfonated 
copolyimide  nanofibers  by  an  electrospinning  method  and  ultrafine 
nanofibers  down  to  77-nm  diameters.  Novel  composite 
membranes,  which  were  composed  of  uniaxially  aligned  ultrafine 
sulfonated  copolyimide  nanofibers  and  sulfonated  copolyimide, 
were  prepared  by  the  electrospinning  and  solution-casting 
methods.  The  composite  membrane  containing  nanofibers  had 
a  similar  water  uptake,  but  greater  amount  of  bound  water  than  the 
membrane  without  nanofibers.  Although  the  proton  conductivities 
in  the  perpendicular  direction  to  the  aligned  fiber  direction  of  the 
composite  membranes  were  similar  to  that  of  the  membrane 
without  nanofibers,  the  proton  conductivities  in  the  parallel 
direction  were  higher  than  that  of  the  membrane  without 
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nanofibers  and  increased  with  the  decreasing  nanofiber  diameters. 
The  composite  membranes  containing  thinner  nanofibers  and 
higher  nanofiber  contents  showed  an  excellent  parallel  proton 
conductivity  up  to  0.3  S  cm-1  at  90  °C  and  98%  RH.  It  is  considered 
that  the  ionic  channels  were  formed  in  the  nanofibers  and  that  the 
protons  were  rapidly  and  efficiently  transported  in  the  nanofibers 
to  enhance  the  conductivity.  In  addition,  the  chemical  stabilities  of 
the  composite  membranes  were  better  than  that  of  the  membrane 
without  nanofibers.  Although  the  proton  conductivities  and 
membrane  stabilities  of  the  novel  composite  membranes  are  still 
insufficient  for  practical  use  in  fuel  cell  applications,  the  new 
approach  using  nanofibers  will  promise  future  applications  in  fuel 
cells. 
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